PHYSICAL REVIEW B VOLUME 62, NUMBER 8 15 AUGUST 2000-II

Surface-enhanced Raman scattering at cryogenic substrate temperatures
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The recent speculation on the possibility of achieving gigantic enhancement for surface-enhanced Raman
scattering at cryogenic substrate temperatures is examined using a simple theoretical model. The surface-
plasmon enhancement mechanism is modeled using the Fermi-electron gas approach instead of the Drude
model as used previously in the literature. Due to the diminution of substrate polarizability from quantum
effects, it is concluded that dramatic enhancement is unlikely to be achieved by just cooling the surface to such
low temperatures.

INTRODUCTION vious experimental analysis and our present model in the
following.
Although surface-enhanced Raman scatte(Bg§RS has In their experiment, Panget al. observed a reversible

been intensively studied and has become a relatively wellehange in the SERS enhancement r@&pwhich amounted
established area since its first discovery in 1974, certain ase few times increase from the room temperat(360 K)
pects of the phenomenon remain intriguing to this ddte. value for admolecules in the vicinity of ellipsoidal silver
Among these, the effect due to the change in substrate tenislands, when the silver temperature was cooled down to 15
perature has recently drawn some interest from researchei§, To analyze their results, the previous mddetith a
after the first observation of the possibility of sustainingtemperature-dependent electromagnetic enhancement mecha-
SERS at elevated temperatufep to those needed for real- nism was then applied. The temperature dependence enters
istic catalytic photochemical conditions to take plat8oth  mainly through the collision frequencyw() of the Drude
theoreticalt® and experimentél’ studies have been carried model where both electron-phonon and electron-electron in-
out. In particular, the recent systematic study carried out byeractions were included. It was then obsefvéht a more-
Pang, Hwang, and Kifrhas provided evidence for the quali- or-less monotonic increase Ricould be achieved by lower-
tative validity of a model based on the temperature variatioring the substrate temperature from room temperatures
of the substrate optical properti&3The main observation of towards cryogenic temperatures. Hence it was speculated
this later experiment on the SERS of 1-Propanehiol on dhat, at least in principle, gigantic SERS enhancement could
silver island film involves a reversible change of the SERSbe obtained by optimizing all the parameters in the experi-
signal with the change of substrate temperatures over theent(e.g., scattering frequency, island morphology) atud
range 15-300 K. While the original theoretical modéls lowering the substrate temperature to that of liquid helium.
were aimed at SERS at elevated temperatufes300 K), it While this remains an exciting and intriguing possibifity,
was nevertheless applied in an interesting way by the rewe would like to point out that the previous modelsvere
searchers in Refs. 6 and 7 via an extrapolation of the originadtrictly limited to “high” temperatures[T=100K (Ref.
models into the low-temperature regimes. From this studyl0)], since the Drude model will fail at cryogenic tempera-
the authors concluded with an intriguing speculation thatfures as discussed above. At such low temperatures, one
with all the conditions optimized, one might be able tomust account for the quantum-mechanical properties of the
achieve gigantic enhancement for SERS by cooling the sulfree electrons in the metal surface plasmon. For a strongly
strate down to cryogenic temperatufes. degenerate Fermi-gas system, several well-known dielectric
Since in the previous modéfs the surface-plasmon en- functions have been worked out in the literatife® and
hancement mechanism was described using the Drude modehch one of these has its own distinct features suited for
for the dielectric response of the substrate, they cannot beertain specific applications. Though it is well known that
extrapolated into the low-temperature regime without limita-the hydrodynamic mod#l is simple and suited for the de-
tion. For one thing at least, at cryogenic temperatures, thecription of collective motions of the electrons like the plas-
free-electron gas should be described as a Fermi gas and nobn excitation, it is, however, limited to a small wave-vector
a classical ideal gas as in the Drude model. In fact, it isesponse in which only the lowest-order nonlocal effect is
known that the Drude model will break down at such a lowaccounted for. Hence for our present application to electrons
temperature of the metal, where the mean free path of that very low temperature where large nonlocal effects are ex-
electrons is comparable to or much greater than the opticalected, we resort to the choice of the Linhard functidi)
wavelengths, and nonlocal effects will play an importantand its extension and generalizations. These include the
role® Hence it is the purpose of this work to reexamine ourLinhard-Mermin modéf (LM) in which damping(collision
previous modefs® using a more appropriate dielectric re- losg is incorporated in a consistent and phenomenological
sponse function for the surface electrons at cryogenic temmanner; and the Hu-O’Conne{HO) approach® in which
peratures. We begin by providing further details of the prefluctuation effects at large wave-vector values are included.
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FIG. 1. Calculated spectrum of the enhancement ratio baséa) ¢me Drude model an¢b) the LM model for temperatures at 1 (&),
51 K (), and 101 K(M). Scattering frequency is normalized éq, at T=300 K.

There also exist other improved versions of the Linhard 1 2a3 ||
function by including higher-order correlation effedesg., R= e 1+ ard?| 1
hole correlation*® but we shall not go beyond the level of L

the random-phase approximati¢RPA), and we limit our \yhere « is the molecular polarizabilitytaken as 10 A, a
present choice of dielectric function for the low-temperaturéine sphere radius, and the molecule-sphere distance, re-
Fermi electron gas to include the lowest-order correlationspectively, andG, is the “image-field factor” which is a

effects. Hence in the following, we shall calcul&eusing  nction of thenth pole nonlocal polarizability ¢5) of the
the variousL, LM, and HO models and compare the reSUItSsphere given by

with those from before where the classical Drude model has

been applied=" Thus, in a sense, the present work comple- n(e,—1)
ments the previous wofR by extending the model to the aS=——D1 T g+l )
regime of low substrate temperatures using a quantum- n(ent1)+1

mechanical description for the dielectric response of the su

"with the frequency-dependent dielectric function given in
face electrons.

terms of the nonlocal function in the following wa¥:

()

FORMULATION OF THE MODEL 2 =j2(ka) |\t
en(w)= ;(2n+1)a dk| ,

In order to study the electromagnetiéM) enhancement 0e(k )

for SERS, we follow our previous adoption of a simple wherej, is the spherical Bessel function angk,w) is one

model published by Gerstein and Nitz&BN).*® In the GN fh hanical dislectric functi di q
model, surface roughness is modeled in the form of a sphe(2 the quantum-mechanical dielectric functions we discusse
) . o above.
roidal particle and the enhanced surface EM field is calcu- i ) - .
lated in the long-wavelength approximation. In order to ex- FOr our present modeling, we will usgk, ) in the fol-
tend the GN model to cryogenic surface temperature wherloWwing form:
nonlocal dielectric response is of prime importance, we shall 5
consider here only the highly simplified geometry when the o(Roo)=1— 4me D f(Extq) —f(Eq)
surface structure is a spherical particle of radiu$hough it ’ k? 7 Exiq—Eqtho—ihy’
is understood that in reality, ellipsoidal particles are more
efficient “enhancers” and are most often present in experi-where Eq=h2q2/2m the kinetic energy and(Eg) is the
ments using either thin island films or metallic colloids, it Fermi-Dirac distribution function of the electrons. Since the
seems nevertheless possible in principle to fabricate almos6GN model is established in the “long-wavelength limit,” we
perfect spherical particles in certain “single-island” need only to consider here the longitudinal dielectric re-
experiments’ Hence the following model is not only simple sponse. Equatiod) can further be divided into the follow-
(in handling nonlocal effecjs but may also be testable in ing three cases as discussed ab@@se (i) the Linhard(L)
these specially designed “single-island” experiments. In anyfunction with y—0; case (ii) the Linhard-Mermin(LM)
case, we believe that the nonlocal effects obtained in théunction with y taken asw.—the empirical collision fre-
spherical case should be qualitatively similar to those exquency, and the Mermin equatiSrapplied to calculate the
pected for the ellipsoidal case. Thus, for a molecular dipoleverall effective consistent dielectric function with damping;
interacting with a spherical metal island, the SERS enhanceand case (iiiy the Hu-O'Connell (HO) function with y
ment ratio can be obtainedds —D@?, D a constant. Standard integration ogwill then

4



5170 R. CHANG, P. T. LEUNG, S. H. LIN, AND W. S. TSE PRB 62

x106
1.4
\\
1.2 . (a)above
1 AN
= 1.0 hN
5
§ 0.81 So. @/g=101
S 061 wo,=163 S~
€ 04 e
Lu . ] -~
0.21 ’ ‘ . . .
0 50 100 150 200 250 300
Temperature (K)
x16
40] —-o_
3.5 .o
+ 3.0 Sa. ©/o=1.00
5 2.5 T~ e
£ 20 S~
g 1.5 (b) on T~
& 05]
0.4
G 0.3
0.2 (D/Obsp=1.62
0.1
0 T T T T T T T T T T 1
0 50 100 150 200 250 300
Temperature (K)
6
x10
3.01 O/0g=099 _ _o======
2.5 Pt
£ 204 _--7
E 15k (c) below
§ 0.4
L]
g
G 02 0/05=1.61
0.

i

Temperature (K)

FIG. 2. Temperature-dependent behavior of the enhanceme
ratio calculated from the Drude mod@lashed linesand the LM
model (solid lineg for normalized frequencie&) above,(b) on,
and (c) below the resonance peaks in each of the two models.

lead to the various analytical expressions éQE,w) which

can be found from the literatufé.'®

As is well known, thel function in cas€i) accounts for
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FIG. 3. Particle-size-dependent behavior of the enhancement ra-
tio at 300 K calculated from thé) Drude and(b) LM models for
different normalized frequencies.

function accounts for damping from the fluctuation in the
center-of-mass motion for the Fermi-gas system. As far as
the temperature dependence is concerned, there are two main

sources which lead to the variation ofk, w) with tempera-

ture. The first comes from the variation in the number den-
sity of the free electrons which will lead to the variation of
the plasmon frequency of the metal with temperafuamd

the second comes from the temperature dependence of the
damping. In the LM case we shall simply use the Holstein-
Debye model for electron-phonon collision and the
Lawrence model for electron-electron collision, respectively,
as we used before for the SERS calculation with the classical

Drude modef'® In the HO caseD is governed by the rate of

random collision with impurities, and hence we shall not
attempt to implement a general model for its variation with
temperature. Instead, we shall tr&tas a parameter in our

modeling!* Finally, the dependence of the distribution func-
tion f(E,) on temperaturgT) is completely insignificant

since T<Tg, the Fermi temperature in all our application.
This can be more explicitly seen by going to the limit of the

the Pauli exclusion principle that the metallic electrons muspydrodz)/namj% model, where corrections of the order of
obey, especially at cryogenic temperatures; the LM functiorf T/Tr)“~10"" for the sound velocity3) of the Fermi gas

in (ii) further improves this by incorporating dampi(dye to
electron-phonon and electron-electron collision, )etn. a

can be worked out. For the Linhard case, one can also show
directly from Eq. (4) that the temperature dependence of

phenomenological and consistent formalism; and the HO(E) has a completely insignificant effect m(lZ,w) (see
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FIG. 4. Calculated enhancement ratio with almost zero dam(sieg text based on théa) Drude (dashed lingand LM models(solid
line) and (b) the HO model.

the Appendix. Thus we shall only consider the temperaturefunction and found that the resonance characteristics is not
dependence of the electron density and damping in oumuch different from that of the Drude model, except that the
present modeling’ magnitudes irR are not directly comparable since the damp-
ing constantgcollision frequency vs diffusion constardre
not rigorously correlated. Figure 2 shows the enhanceiRent
versus temperature for different scattering frequencies for all
With the above clarifications, we have carried out somethe three cases: above, on, and below resonance for each of
numerical calculation of the SERS enhancement retisy ~ the Drude and LM model calculations. Note that the fre-
applying the several different quantum-mechanical dielectriguency is set differently for each comparison made on ac-
functions for the modeling of the EM enhancement mechacount of the blueshifted resonance frequency in the LM
nism. Figure 1 showR as a function of scattering frequency model mentioned above. We remark here again that the
(normalized to the surface-plasmon frequeney=w,/v3  monotonic increase oR towards lowT’s in the Drude
at T=300K) for three different temperaturesT=1, 51, model only occurs for frequencies above resondn€mm
and 101 K, respectively, according to both the Drude and thall three cases, we again see the suppressidhinfthe LM
LM models for the dielectric function. The surface island is model up to an order of magnitude with respect to the values
modeled as a silver sphere of radius 50 A and the moleculgn the Drude model. Furthermore, we also note that the par-
surface distance is fixed as 10 A. We allow both the electrotticle size we have been usirt§0 A) for the above compu-
density and the sphere radius to vary with temperatdiiee  tations might be too small compared to realistic ones in most
damping and other parameters for Ag are used as in thexperiments. To ensure that the difference between the
previous modeling:®> We observe from Fig. 1 that for the Drude and LM models prevails for a larger range of particle
Drude model, maximunR occurs at normalized frequencies Sizes, we have plotted in Fig.Rversusa up to a size of 500
slightly above one due to the slight increase of the plasm& for both models. We notice the dramatic difference be-
frequency with the decrease of temperatlifeor the LM tween the results from each of the models for both the reso-
model we see that the resonance peak is blueshifted to aboo@nt and off-resonant cases. In particular, at the Drude reso-
1.62wg,. This is due to the nonlocal nature and thenance frequency, the LM model gives results fRrfive
frequency-dependent damping in the electronic collisiororders of magnitudes smaller for particle sizes up to 500 A.
frequency of the model. Most importantly, we observe that In addition, there is a “resonance behavior” Riversusa
the LM model yields the maximum possible value ®rat  only for the LM model for frequencies close to that for reso-
1 K almost an order of magnitude smaller than that predictediance. This is due to the well-known fact that the resonance
from the classical Drude model. This is actually no surpris€frequency is size dependent in most nonlocal dielectric mod-
since it is well known that due to quantum-mechanical ef-els, but equals to a constant value,(v3) in the Drude
fects, the higher-order multipole polarizabilities of the metaimodel*® Finally, we consider the ideal limit of enhancement
island are strongly suppressed in the LM moffdin addi-  in the absence of all damping of the surface plasmon. In Fig.
tion, the magnitude of the dipole polarizability of the island 4 we show theR values for all the three models @at=1 K
(which corresponds to the surface-plasmon enhancement efith the damping constant set to 10s™* in both the Drude
fect) is also less in the LM model since the average chargend the LM models, and the diffusion constebtset to
separatior(polarization is expected to be less in the nonlo- 10 ° Sl unit in the HO model. We found that the effect of
cal model together with effects from Pauli’'s exclusion prin- damping via diffusion in the HO model is very mild and that
ciple. We have also computeR (not shown with the HO  the calculation almost identifies with that from the(LM

NUMERICAL RESULTS
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with y— 0) model for values oD up to 10 2SI units. The %

most interesting feature from Fig. 4 is the illustration of the 1= fo F(B)h(E)dE
“quantum suppression” effect in this ideal limit: while the
classical Drude model leads to “gigantic enhancement” with
R~10'¢, theL or LM model yields a diminution of almost
eight orders of magnitude from the classical calculation.

2
~H(w)+ 5 (keT2H ()4, (AD)

where f(E) is the finite-temperature FD distribution func-
DISCUSSION AND CONCLUSION tion, h(E) is any well-behaved function of energkg the

We have thus provided evidence from our modeling that'?’c’ltzzm""n consztant, andH'(u)=h(u). w(T)~Ee[1
the recent speculation implied from low-temperature experi-— 7 /12X (T/Tg)*+...] is the chemical potential at finite
ments on SER& concerning the possible gigantic enhance-témperature withEg and Te being the Fermi energy and
ment at cryogenic substrate temperatures, is unlikely to bEmperature, respectively. To apply this to our problem, we
realized. In fact, a previous experiment on the study of thdecall that in the RPA, the function in Eq.(4) (with y=0)
very-low-frequency surface acoustic mode via SERS did no§an be written in terms of the polarization functioR) in
report dramatic enhancement at liquid-helium temperaturénaginary frequency as follows:
down to T=1.6K.?° Although the decrease in surface-
plasmon damping leads to greater enhancement at such low
temperatures, diminution in substrate polarizability due to . W/C
quantum effects sets a limit to the situation. Of course, this e(kiw)=1- 2 P (kiw), (A2)
does not exclude other SERS mechanisms to lead to dramatic
enhancement at cryogenic temperatures, future systematic
experiments will be of interest to clarify this issue. Since it iswhere
a frequent practice in spectroscopic experiments to work at
cryogenic temperatures to achieve high signal-noise ratio,

2

our modeling results should be relevant to these experiments ~ m?2 = A+B\E
whenever the proximity of a metal surface is involved. PO(Kiw)=— ﬁf f(E){ In| ———=

To conclude, although our model is somewhat oversim- ki Jo A-B\E
plified, we believe this “quantum suppression” of SERS due C+ B\/E
to the diminution in dipolar and higher multipolar polariz- + n(—)]d , (A3)
abilities of the substrate should have general validity. There C-B\JE

are certain features one can introduce to improve the model,

such as the inclusion of surface scattetings well as inter- . Lo .

band transitions in our treatment of the temperature—w'thff.E._ ht I; / ém,cm the .effect|vef e"Iectrf)An_rEis.sf% an%the
dependent dielectric functiofs, the quantum confinement coe 'C'?gﬁs » B, ~aré given as followsA=Erihw, t
effect for the electrons in nanoparticlesat 1 K, or mod- (&M ~"Ak, andC=E—if v. The final dielectric function

eling the surface structure as a spheroidal rather than % obtained from Eq(A2) via analytical continuation: iw

spherical particle; moreover, we believe this will not change_""“L'@ _ - .
To investigate the finite-temperature correction to

our overall conclusion on the SERS effect. Further experi- _ ) )
mental studies will be of interest to confirm this conclusion.£(K,@), we apply Egs(Al) to (A3) and obtain the following

correction term taPM(K,i w):
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APPENDIX APW=_

Here we provide an explicit formulation of the tempera-
ture dependence of the Linhard dielectric function, showing
guantitatively that this dependence through the Fermi-Dirac
(FD) distribution is completely negligible for all practical Numerical computation of EqA5) shows that for a tem-
purposes. This issue is seldom pointed out in the liter&ture perature range from 1 to 1000 KP™) amounts to no more
and theL function has often been taken implicitly to be than about 0.1% oP{Y with about 10°5% atT=1 K. This
applicable at all temperaturé®. is true for a large range of values ferand w. The result

We begin with the following standard expansion in han-actually scales very close td@{Tg)2. Thus we conclude that
dling integrals related to the FD functidh: such an effect is completely negligible in our modeling.
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